In this study, a CFD model is developed to evaluate the performance of an industrial boiler furnace running on sugarcane bagasse. The model was developed in the commercial software ANSYS FLUENT and includes user-defined functions programmed in C language defining devolatilization phenomenon as well as combustion on the grate. The simulation results suggests that devolatilization is the dominant phenomenon through the largest portion of the particle trajectory, and hence an important factor in predicting the thermal fields. On the other hand, the char is burned on the grate or entrained through the furnace outlet. The general efficiency indicators obtained from particle combustion description could then allow us to compare different design and operational alternatives.
Introduction
Early developments of CFD modeling for combustion of polydisperse solid fuels are referred to pulverized coal. Since the techniques for modeling coal combustion have been already well developed through quite mature methodologies, it is now possible to find some models available in commercial CFD software. Although these developments have been taken as a basis for applications regarding biomass combustion modeling, CFD modeling techniques in this area are still facing challenges due to significant differences between the burning of polydisperse biomass and pulverized coal.
In comparison with coal, Demirbas [1] and Belosevic [2] pointed out that biomass usually has more oxygen, moisture, silica, potassium, and aluminum and lower fixed carbon content, iron, density, calorific value and friability. According to Bharadwaj et al. [3] , biomass particles have considerably lower densities than coal particles, commonly differing by a factor of 4-7. Biomass also has a typically very low sulfur content compared to coal. In addition, the chlorine contents of certain biomass can exceed the levels of coal. According to Belosevic [2] chlorine has a strong influence on ash formation because it facilitates the mobility of many inorganic compounds, in particular potassium. The critical influence of these parameters on the formation of agglomerations and deposits and also the significant differences in organic composition of different biomasses makes it necessary to conduct a particular study of each biomass intended to be used for combustion in boiler furnaces.
In terms of volatility, biomass always has greater volatiles content, even when compared to low-rank coals [2, 4] . As stated by Demirbas [1] , the relative volatility, i.e. the ratio of volatile matter ''MV" to fixed carbon ''CF", typically is MV/CF > 4.0 for biomass and MV/CF < 1.0 for coal. In devolatilization modeling, the CFD models have mostly used an Arrhenius single rate model to represent the devolatilization sub-model [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . However, given the importance of devolatilization, which was identified in a sensitivity study by Smith [23] as the largest physical control phenomenon, these single sub-models cannot adequately represent the devolatilization [24] . Another important difference between biomass and coal combustion in boiler furnaces is in their states of combustion; the coal to be burned is first pre-dried and then finely pulverized, helping it to mainly burn in suspension. On the other hand, many polydisperse biomasses are usually wet burned whereby part of biomass is burned on the grate like in a fixed bed. According to recent data by Food and Agriculture Organization of the United Nation (FAO), Brazil is by far the largest producer of sugarcane in the world by producing more than 730 million tons in 2014 [25] . The abundance of sugarcane in Brazil is a consequence of a huge ethanol production industry [26] ; this ethanol has a very high net energy balance (defined as the ratio of the energy contained in a given volume of ethanol divided by the fossil energy required for its production) compared to the alcohol made from other crops and so currently more than 90% of all vehicle sales in Brazil are dual fuels and can run on sugarcane ethanol [27] . However, when it comes to the production of steam and electricity, many technical-economic and life cycle assessment studies have shown that yet the best option for utilizing sugarcane bagasse remains to be its direct combustion in furnace [28] [29] [30] [31] [32] [33] [34] [35] [36] . While experimental research in this area comes with many complications in terms of logistics, cost, emission and required time for measurements, numerical analysis could provide thoughtful data on different iterations in a timely manner and with minimum cost.
To study the combustion of sugarcane bagasse in an industrial boiler, this paper presents a CFD model developed in commercial software ANSYS FLUENT 15.0 in conjunction with User Defined Functions (UDFs) programmed in C language developed for both devolatilization and grate combustion phenomena. Both physical and gasification properties of bagasse are obtained from experimental measurements and incorporated into the model. Finally, the thermal field and combustion behavior inside the boiler are predicted and several integral performance indicators are obtained.
Physical models
All of the simulations were performed in commercial software ANSYS FLUENT R15.0. The modeled case is a ''non-premixed combustion", wherein the biomass and air enter the reaction zone through different streams. The model assumes a continuous phase of reacting gases and a discrete phase of fuel particles setting the positions of the mass and heat sources while they travel immersed in the continuous phase.
Continuous phase
The continuous phase is a gas mixture, consisting of six species (volatiles, oxygen, carbon dioxide, water vapor, carbon monoxide and nitrogen), whose composition is determined by solving the mass conservation equation, as well as species conservation equations for five of the six species, except nitrogen which is calculated by difference. Since the furnace operates at a constant atmospheric pressure, the density of the gas changes only as a function of temperature and so the state equation for incompressible ideal gases could be employed.
Once the phenomenon can be categorized as non-premixed combustion, where the fuel and the oxidant enter into the reaction zone at different streams, the effects of turbulence on the reaction rate should also be considered. Since in our nonpremixed system the turbulence slowly mixes cold reactants and hot products into the reaction zone, where reaction occurs rapidly, the Eddy-Dissipation Model for species transport is used. 
Table 3
Kinetic data of release of volatile.
Conversion fraction interval 0.0 6 a 6 0.6 0.6 < a 6 1.0
The flow field was obtained by solving the conservation of momentum equations, and the turbulence modeling was done using the standard k-e model. The effect of radiation was also considered in solving energy equation by taking the discrete ordinates (DO) model, which allows to include the effect of a discrete phase of particulate on radiation.
Given the large number of thermochemical processes happening on the grate and their importance on the overall combustion behavior in continuous phase, it is crucial to have an accurate grate model. In this study, the furnace grate consists of a set of 3348 (93 Â 36) Pin Hole Continuous plates (PHC). Each plate has 12 holes of 7 mm in diameter, resulting in a stationary grate with total number of 40,176 holes. Due to the large number of holes, the discretization of the actual grate geometry in the furnace domain represents a major problem, leading to an excessive amount of computer memory needed to perform the computation. On the other hand, due to the important effect of these small holes on the primary air pressure drop, the removal of the grid from the computational domain is not a good option either and may result in unrealistic results and consequently large errors.
The pressure drop across perforated plates was predicted by Gan and Riffat [37] using CFD and the performance of this technique was validated by comparing their result against experimental data. A similar technique was used in this paper to set the viscous and inertial resistance coefficients of a porous medium considered as an equivalent to the furnace grate [38] . Table 1 shows the direction vectors and parameters describing the porous medium as explained in Eq. (1) . In this table, direction 1 is a vector coax to the holes, while directions 2 and 3 are vectors perpendicular to direction 1.
Eq. (1) represents the momentum source term from the porous medium where D ij and C ij are viscous and inertial resistance respectively, l is the viscosity, q is the density and v the velocity of the fluid.
Modeling the discrete phase
A stream of biomass into a furnace could be considered as a group of particles with various sizes and shapes which result in different heat/mass interaction with the continuous phase. While the smaller particles are near spherical, the larger ones are mostly cylindrical and therefore a shape factor needs to be defined in order to approximate them to spherical particles [38] . To handle this and also in order to facilitate post-processing of the results, twelve different particle sizes were considered for each of the six biomass inlets. Immersed fuel particles travel through the continuous medium following a path governed by integrating forces balance on the particle. As the biomass particles travel through the hot gases, mass and heat exchange with the continuous phase is considered. These phenomena define the mass (species) and energy source terms for the conservation equations in the continuous phase. It is also worth mentioning that sugarcane bagasse is transported from the sugar mills to the boiler without any special processing and therefore is introduced to the furnace in wet from. To fully consider the heat and mass exchange phenomena, several processes need to be considered. In this study, inert heating/cooling, drying (either by evaporation or boiling), devolatilization (defined by a User-Defined Function), and finally combustion of carbon and inert heating/cooling of ashes were considered. If the conditions for a given particle are such that it reaches the surface of the grate, it will stay in that position, releasing its moisture and volatile content, releasing or absorbing energy via each of the above mentioned processes, and finally being fully depleted after releasing carbon dioxide and consuming oxygen due to the char combustion. All these processes on the grate were also programmed using a User-Defined Function. Table 2 shows a summary of all the models used in the definition of both the continuous and the discrete phase. Details of UDFs as well as of used models can be found annexed to this paper as Supplementary Material [5,12,13,41-50] . 
Devolatilization model
To set up the parameters of the biomass devolatilization model, samples of bagasse were first analyzed in a thermogravimetric analysis (TGA) system at three constant heating rates of 5, 10 and 15°C/min. The circles in Fig. 1 show that the rate of conversion of biomass changes at conversion factor of around 0.6 and therefore the conversion process could be considered to mainly occur in two intervals. Ozawa, Flynn and Wall (OFW) method [39, 40] was then employed to select the best reaction models that matches well with TGA data through all intervals of conversion fraction. Among 17 possible models tested against TGA data, a second order model for the first interval and a third order model for the second interval were selected to represent conversion of biomass through devolatilization process. The solid lines in Fig. 1 show these two models and how well they match with the TGA data. The activation energy and pre-exponential factors generated from OFW method for each model have also been listed in Table 3 
In Eqs. (2) and (3) a is the conversion fraction, t is the time, A i is the pre-exponential factor, E ai is the activation energy, R is the universal gas constant (8.314472 J/K mol), and T p is the particle temperature.
3. Geometry   Fig. 2 shows the geometry of the boiler furnace which consists of the following main components:
Six biomass inlets in the front wall, each equipped with a high pressure/velocity pneumatic air supply to give direction to the biomass stream upon injection. 40 Secondary air inlets distributed in 10 groups, each group located vertically along the edges of the side walls. A Pinhole Continuous (PHC) grate that distributes the primary air. The primary air inlet on the rear wall, just underneath the grate. The exhaust window at the top of the rear wall.
Further details of geometry and numerical mesh can be found as Supplementary Material. Tables 4 and 5 show the proximate and elemental analysis respectively of the sugarcane bagasse used in the simulation. The higher calorific value of the biomass used in this study was also 8660.30 kJ/kg (as-received) and its dry density was 911.50 kg/m 3 . Table 6 shows the input data for biomass and air. Considering that all the steam tubes pass through the boiler walls, its temperature was considered to be the saturated steam temperature one at the drum pressure of 70.8 bar and equal to 559 K.
Setup and boundary conditions
For gas phase reaction, the following two-step mechanism was considered: 
Results and discussions
Fig . 3 shows the temperature contours, in which a strong reaction zones is visible near to the grate. It is possible to observe that low temperature area on the grate perfectly match with regions of high oxygen content, and high temperature regions are just around, which characterize a diffusion flame having the oxidant inside. On the other hand Fig. 4 shows the contours of the furnace outlet section temperature where the average temperature of around 900°C is in agreement with the manufacturer reported measurements.
Contours of Oxygen mass fraction (O 2 ) have been shown in Fig. 5 . The left image in this figure clearly displays how the nonpremixed flame shape is developed and emerged from the grate. The oxygen-scarce regions could also be tracked by looking at areas in blue; however, this can be best visualized using the isosurface shown in Fig. 6 . This iso-surface could be used to locate the areas that might need a better distribution of secondary air in order to improve combustion. Fig. 7 shows the particles' trajectories colored by the current heat and mass transfer processes occurring between the particle and the continuous phase. As mentioned in Section 2.2, twelve streams of biomass particles were considered for each biomass inlet in order to represent the wide range of particle sizes. These injection streams which have been numbered from 00 to 11 represent particle sizes in an ascending order of size with Injection 00 as the smallest and Injection 11 as the largest group of particles. The detail information regarding each injection have been presented in Table 7 .
From the colored trajectories in Fig. 7 , it could be deduced that in general the drying process takes place at the lower zones of furnace and mainly due to vaporization. However, the volatilization seems to be completely distributed all over the furnace and take place throughout all zones. In terms of char combustion, it is difficult to observe it anywhere along the trajectories. This suggests that based on the initial size of the biomass particles, the char either burns on the grate or is dragged to the exit of the furnace. Therefore, it could be concluded that larger particles tend to burn on the grate while the smaller ones tend to follow the flow and burn within the furnace and leave the boiler as char. In that sense, having larger particles seems to yield a more complete and hence a more efficient combustion. On the other hand, larger particle are more likely to reach the rear wall and increase the possibility of slagging. Fig. 7 only shows an illustration of three streams representing small, medium and large size particles. The complete information of all injections including their size distribution and fraction of processes occurring on the grate and exit flow have been presented in Table 7 .
The result from CFD analysis could also be used to calculate the ''overall efficiency" of the combustion using Eq. (6):
In this equation q gas and q solid are indicators of energy loss from unburned gases and solids respectively. From the data in Table 7 Fig . 7 . Trajectories of biomass particles colored by heat and mass transfer processes. The particle size increases from Injection 00 to 11 as shown in Table 5 . and using the following Eq. (7) the contribution of unburned solids in dropping overall efficiency is found to be 20.38%:
In Eq. (7) _ m vol s and _ m C are respectively mass flow of volatile and fixed carbon not released from the particles leaving the furnace, _ m biom and _ m air are respectively mass flow of total biomass and air coming into the furnace, LHV vol , LHV C and LHV biom are respectively lower heating value of volatiles, carbon and the biomass, h air i @T i and h air i @T 0 are respectively enthalpies of air at inlet temperature and at ambient temperature. Finally, the sum in the denominator of Eq. (7) is made on each of the three types of air inlets (primary, secondary and pneumatic).
To find q gas the composition of gases at the furnace exit is required. Using this data summarized in Table 8 and from equation (8) it was found that unburned gases have a minimal impact and result in only 0.07% reduction of overall efficiency.
In Eq. (8) _ m vol g and _ m CO are respectively mass flow of volatiles and carbon monoxide into the exhaust gases, LHV vol and LHV CO are respectively lower heating value of volatiles and carbon monoxide and finally the denominator is the same with Eq. (7).
Finally and as it was explained in Eq. (6), the overall efficiency of the combustion in this case was calculated to be 80%.
It is worth to mention that the data in Table 7 would not be easy to be obtained from experimental measurements; therefore the socalled ''overall efficiency" obtained from CFD analysis could be considered as an important indicator that could allow comparing different design scenarios and operational alternatives, even if absolute values could not be real.
Conclusions
In this study, CFD analysis was employed to model the combustion of sugarcane bagasse in an industrial boiler. Biomass was considered as a discrete phase and its interaction with the continuous gas phase was modeled using ANSYS Fluent built-in functions as well as in house UDF codes. The simulation provided a clear understanding of phenomena that a single biomass particle goes through from initial heating all the way to char combustion and its conversion to ash. It was shown that larger particles are more likely to burn to completion on the grate and it than sense having a knowledge on the initial size distribution of biomass fuel is crucial to have an efficient combustion. The simulation also helped to have a better understanding of both volatile and oxygen distribution across different regions within the boiler. Devolatilization is specifically important because it will help us to predict thermal field and eventually improve boiler efficiency. Knowledge on oxygen-scarce zones could also help operators to adjust airflow and injection angle in order to improve combustion. The CFD analysis in this work was also used to find the overall efficiency. Such analysis could be used as an inexpensive measure to try different design parameters and understand their impact on boiler performance before taking any costly step in practice.
